Once perceived as merely selfish, transposable elements (TEs) are now recognized as potent agents of adaptation. One way TEs contribute to evolution is through TE exaptation, a process whereby TEs, which persist by replicating in the genome, transform into novel host genes, which persist by conferring phenotypic benefits. Known exapted TEs (ETEs) contribute diverse and vital functions, and may facilitate punctuated equilibrium, yet little is known about this process. To better understand TE exaptation, we designed an approach to resolve the phylogenetic context and timing of exaptation events and subsequent patterns of ETE diversification. Starting with known ETEs, we search in diverse genomes for basal ETEs and closely related TEs, carefully curate the numerous candidate sequences, and infer detailed phylogenies. To distinguish TEs from ETEs, we also weigh several key genomic characteristics including repetitiveness, terminal repeats, pseudogenic features, and conserved domains. Applying this approach to the well-characterized plant ETEs MUG and FHY3, we show that each group is paraphyletic and we argue that this pattern demonstrates that each originated in not one but multiple exaptation events. These exaptations and subsequent ETE diversification occurred throughout angiosperm evolution including the crown group expansion, the angiosperm radiation, and the primitive evolution of angiosperms. In addition, we detect evidence of several putative novel ETE families. Our findings support the hypothesis that TE exaptation generates novel genes more frequently than is currently thought, often coinciding with key periods of evolution.
Background
Transposable elements (TEs) are DNA segments that mediate their own duplication and thereby accumulate to high abundance in most eukaryotic genomes. Because of this, TEs were once perceived as selfish (Doolittle and Sapienza 1980; Orgel and Crick 1980) ; however, it is now understood that they confer many benefits, such as maintaining genome structure, generating variation, and producing evolutionary innovation (Flagel and Wendel 2009; Lisch 2009; Parisod et al. 2010; Rebollo et al. 2010; Levin and Moran 2011; Pardue and DeBaryshe 2011) . In plants, TEs are important contributors to evolution and diversity; for example, in more than 60 reported instances, TEs have modified existing genes or given rise to novel phenotypic genes (Oliver et al. 2013) .
One mechanism through which TEs contribute to evolution is exaptation. Although the familiar term "adaptation" refers to biological features selected to increase the benefit of existing roles, the term "exaptation" instead refers to features co-opted to perform entirely new roles (Gould and Vrba 1982; Gould and Lloyd 1999) . More specifically, TE exaptation (also referred to as co-option or molecular domestication) (Miller et al. 1992 ) is a process by which a TE, originally conserved through "self-replicative selection," transitions to increase the fitness of the organism and becomes conserved through "phenotypic selection" (Doolittle and Sapienza 1980; Hoen and Bureau 2015) . In eukaryotes, TE exaptation has made possible major evolutionary innovations, including the vertebrate adaptive immune system (Agrawal et al. 1998; Jurka 2004, 2005) , the mammalian placenta (Rawn and Cross 2008) , and human cognition (Zhang et al. 2015) . Until recently, most exapted TE genes (ETEs) were discovered fortuitously in forward genetic screens (e.g., Bundock and Hooykaas 2005; Lin et al. 2007 ); however, advances in sequencing technology have enabled us to directly identify putative ETEs using computational analysis of genomic data (Hoen and Bureau 2015) , then validate them by reverse genetic characterization of phenotypes (Cowan et al. 2005; Joly-Lopez et al. 2012) . For instance, in a large-scale search for ETEs in one family of plants (the Brassicaceae), we recently identified 67 ETEs, more than half of them novel, suggesting that ETEs may be far more abundant than previously thought (Hoen and Bureau 2015) .
Discoveries such as this magnify the importance of better understanding the TE exaptation process. However, like many evolutionary mechanisms involving TEs, investigating exaptation can be difficult. One particularly challenging aspect is reconstructing ETE evolutionary histories in order to determine the number and timing of exaptation events, and the identity of the ancestral genomes in which they arose. Such analyses require identifying both ETEs and closely related TEs. But because TE families frequently go extinct within genomes (Donoghue et al. 2011) , TEs directly descended from the progenitors of an ETE family may no longer exist, or if they do exist may be present in only a small fraction of genomes. Furthermore, even if TEs closely related to an ETE family do exist in a sequenced genome, identifying and analyzing them may be difficult given the large number of sequenced genomes and vast number of TEs that each genome may contain. Nevertheless, investigating the evolutionary history of ETEs is worthwhile and increasingly feasible as the number of sequenced genomes continues to grow. A better understanding of the origins of ETEs would also help to guide experimental studies, since ETEs that originated in different exaptation events ought also to have different functions.
We therefore undertook to demonstrate the feasibility and value of such investigations by thoroughly characterizing the evolutionary history of the two largest and best-characterized families of ETEs in plants: MUSTANG (MUG) and FAR1-RELATED SEQUENCES (FRS). MUG, which descended from TEs of the Mutator-like element (MULE) superfamily (Cowan et al. 2005; Joly-Lopez et al. 2012) , consists in Arabidopsis thaliana of eight genes equally divided between two subfamilies, MUGA and MUGB (Joly-Lopez et al. 2012) . Double mutants within each subfamily (mug1 mug2 in MUGA and mug7 mug8 in MUGB) produce stronger phenotypes than the single mutants and, despite similar broad phenotypes (e.g., delayed flowering and reduced yield), each subfamily exhibits different specific phenotypes such as reduced chlorophyll production in mug1 mug2 (Joly-Lopez et al. 2012) . In addition to the conserved domains typically associated with MULE transposases, MUGB but not MUGA genes contain a Phox and Bem1p (PB1) domain, which adopts a ubiquitin-like b-grasp fold structure (Sumimoto et al. 2007 ). Plant genomes have greater numbers of PB1-containing genes than other eukaryotes, and although a few have been characterized and found to be involved in a wide range of biological processes, little is known about the source or biological function of most plant PB1 domains (Borisov et al. 2003; Prasad et al. 2010; Guilfoyle and Hagen 2012; Trehin et al. 2013; Chardin et al. 2014; Korasick, et al. 2014; Zientara-Rytter and Sirko 2014) . MUG genes are present in both monocots and eudicots, and likely in basal angiosperms, but have not been identified in other plants, suggesting that exaptation might have occurred during early angiosperm evolution (Cowan et al. 2005; Saccaro et al. 2007; Joly-Lopez et al. 2012) . Interestingly, at the time of the monocot-eudicot split, MUGA had already undergone at least two conserved duplications whereas MUGB had undergone none (Joly-Lopez et al. 2012) . Overall, such differences in phenotype, gene structure, and phylogeny show that, despite their close similarity in sequence, MUGA and MUGB followed different evolutionary trajectories; however, it is not yet known whether these differences occurred prior or subsequent to exaptation.
The second well-characterized group of plant ETEs, FRS, consist in A. thaliana of the genes FAR-RED IMPAIRED RESPONSE 1 (FAR1) and FAR-RED ELONGATED HYPOCOTYLS 3 (FHY3) (Whitelam et al. 1993; Hudson et al. 1999) , as well as 12 additional FAR1-RELATED SEQUENCE (FRS) (Arabidopsis Genome 2000; Hudson et al. 2003; Lin and Wang 2004) . FAR1 and FHY3 encode transcription factors essential for far-red light responses controlled by phytochrome A (Lin et al. 2007) . They also play roles in diverse developmental and physiological processes (Lin and Wang 2004; Li et al. 2011; Ouyang et al. 2011; Huang et al. 2012; Stirnberg et al. 2012; Gao et al. 2013; Tang et al. 2013) . The remaining FRS genes are thus far not well characterized, but have been suggested to play distinct roles in light-controlled development in Arabidopsis (Lin and Wang 2004) . Like MUG, the FRS family was derived from MULEs and is found in monocots as well as eudicots, so are thought to have originated in one or more exaptation events during early angiosperm evolution (Lin et al. 2007) .
To better understand TE exaptation and the evolutionary histories of MUG and FRS, we explore the following questions: How many TE exaptation events led to the formation of these two groups of ETEs? When did these exaptations occur and did they happen in close succession or at widely separated times? Did they involve similar or divergent MULE families, and might any characteristics of the progenitor TE families shed light on the structural and functional characteristics of the ETEs? After they had been established, how often and when did each ETE family diversify? Finally, what does the timing of exaptation and diversification events suggest about their potential role in evolution? To answer these questions, we take the following approach: 1) identify sequences closely related to MUG or FRS in diverse genomes, 2) generate curated, reliable phylogenies, and 3) measure genomic attributes that differentiate ETEs from TEs. We then analyze the results to determine how many exaptation events occurred and their timing. Our findings reveal that TE exaptation has contributed more than previously understood to angiosperm evolution, and likely provide many functions of potential practical importance that have yet to be discovered.
Results and Discussion

Identifying Genomes of Interest
To maximize our chances of finding extant TEs closely related to MUG and to sample diverse ETE clades, we searched a large number (62) of genomes including representatives from all major angiosperm lineages (supplementary table S1, Supplementary Material online). We expected to find thousands of sequences (mainly TEs) but did not want to preclude any TEs or ETEs of potential interest, even in such distant genomes as Picea abies. We thus devised a strategy to screen for genomes of potential interest ( fig. 1) fig. S1 , Supplementary Material online). We also retained genomes with apparent TEs that contained a PB1 domain (see below). For additional analyses, we added three genomes FIG. 1. Analysis flowchart. Numbered arrows indicate two separate paths. Arrows with no numbers were performed in both iterations. Arrows numbered (1) indicate the first iteration in which 62 genomes were individually searched to identify genomes of interest. Arrows numbered (2) indicate the second iteration, conducted on all selected genomes with additional curation steps. In bold, programs used. In italics, additional descriptions. Parallelogram, input or output; rectangle, process; diamond, action, which includes manual intervention. In the first iteration, TBLASTN, PHI, MAFFT, and FastTreeMP were performed using TARGeT.
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Generating and Curating the Phylogenies
We next constructed a phylogenetic tree that included all ETEs and TEs of interest ( fig. 1 ; iteration 2). Alignment curation is critical to the construction of high quality phylogenies, especially for TE genes because they often contain frameshifts, truncations, deletions, and insertions. If not removed, highly degenerate sequences with long gaps or poor alignment within otherwise well-conserved blocks may reduce the accuracy of phylogenetic inference (Castresana 2000) . Conversely, we also did not want to remove all pseudogenes because that would include the majority of TE-derived sequences (see below). We thus devised an approach that combined multiple methods to remove extraneous sequences.
To exclude sequences related to MUG only distantly, we increased the search stringency (see Materials and Methods), resulting in 2,077 sequences. We built a preliminary alignment (MAFFT) and used it to remove problematic sequences. We generated a final alignment (MAFFT), curated it further (GBlocks), and inferred a "full" MUG approximately maximum-likelihood phylogenetic tree (FastTreeMP) (supplemen tary fig. S2 , Supplementary Material online). Lastly, for clarity of presentation, we also generated a "simplified" MUG tree containing only the sequences most closely related to MUG by pruning branches more distant than the last common ancestor of all known MUG genes ( fig. 2, supplementary fig.  S3 , Supplementary Material online). For FRS, we used a similar approach, except the final pruning step was not performed because of the large evolutionary distance between certain FRS subtrees (supplementary figs. S4 and S5, Supplementary Material online). To evaluate the robustness of the resulting MUG and FRS trees, we selected a subset of sequences (131) from each tree, representing all major clades, and performed analyses using two additional phylogenetic methods: a Bayesian (MrBayes) (Ronquist and Huelsenbeck 2003) and a Neighbor joining method (BioNJ) (Gascuel 1997 ) (see Materials and Methods). The resulting trees agreed with the topologies of the original approximately maximum-likelihood trees, including strong support for all key nodes (supplementary figs. S6-S9, Supplementary Material online).
ETEs versus TEs: Two Distinctive Types of Clade
We now had phylogenies that included only the sequences most closely related to MUG or FRS. But how could we determine which clades are ETEs and which are TEs? Certain attributes of individual sequences (and families) can be used to differentiate between TEs and ETEs (Hoen and Bureau 2015) . Three such attributes are intrinsic products of (Hoen and Bureau 2015) : 1) presence of frameshifts and in-frame stop codons; 2) repetitiveness of flanking DNA sequences; 3) presence of potential terminal inverted repeats (TIRs); and 4) presence of a peptidase C48 conserved domain, which is useful in identifying clades of sequences that lack TIRs but nevertheless are TEs (see Materials and Methods). We also searched for the PB1 domain, not because it helps in distinguishing TEs from ETEs, but because of its as-yet unexplained presence in MUGB. 5) In addition, we examine microsynteny, which has previously been used to identify putative ETEs and described for MUG and FRS genes across Brassicaceae genomes (Cowan et al. 2005; Hoen and Bureau 2015) . We extend this work by examining microsynteny in the diverse monocot and eudicots genomes examined in this study (supplementary fig. S10 , Supplementary Material online).
Combining these phylogenetic and sequence characteristics, two distinctive types of subtree or clade become apparent. The first type is putative ETEs, including all known MUG or FRS genes. Focusing first on MUG ( fig. 2) , consistent with previous results (Cowan et al. 2005; Joly-Lopez et al. 2012 ) and our single-species phylogenies (supplementary fig. S1 , Supplementary Material online), known MUG genes form two subtrees: MUGA and MUGB. Each subtree has several major clades consisting of orthologs from diverse species (MUGA, 74 sequences; MUGB, 78). Indeed, each subtree includes at least one sequence from every examined angiosperm (except Amborella trichopoda; see below), but does not include any sequence from a nonangiosperm species. The topologies of each subtree and major clade are broadly congruent with the known species phylogeny (Amborella Genome Project 2013); that is, most branches (monocots vs. dicots, Arecales vs. Poales, asterids vs. rosids, Fabidae vs. Malvidae, etc.) agree with the species topology. Finally, in these putative ETE subtrees few sequences have TE characteristics (those that do are presumably false positives).
The second type of subtree or clade is putative TEs. This includes most of the remaining sequences (1,672 of 1,824 sequences in the MUG phylogeny). In contrast to the ETE subtrees, these clades are lineage-specific (they are from single or closely related species) and have sister clades from distantly rather than closely related species. They also often have short terminal branches. Although some small clades are ambiguous, many clades have multiple strong TE characteristics. For example, clade a ( fig. 2) fig. 2, supplementary fig. S3 , Supplementary Material online), we can now begin to address interesting evolutionary questions. First, did MUGA and MUGB originate together in a single exaptation event, or separately in two (or more) events? As expected, MUGA and MUGB are more closely related to one another (i.e., have a shorter genetic distance between the roots of their respective subtrees) than to the vast majority of apparent TE clades (supplementary fig. S2 , Supplementary Material online). However, a few TE clades are more closely related to either MUGA or MUGB; in other words, MUGA and MUGB are paraphyletic with respect to several TE clades. Indeed, in figure 2, all sequences are descended from the last common ancestor of MUGA and MUGB, so this is true of all the apparent TEs included in this figure.
For example, perhaps the most interesting clade of apparent TEs is the sister clade to MUGB (c), a large family of TEs (53 sequences) in the basal angiosperm Am. trichopoda. Most originated in rapid expansions and all now are apparent pseudogenes (stop codons: min 3, mean 9.5) (supplementary table S2, Supplementary Material online). Consistent with their state of degeneration, only 11 are associated with high-identity TIRs and the median DNA copy-number is 22. Interestingly, many (13) of the sequences are associated with PB1 domains, suggesting that the MUGB PB1 domain originated from its last common ancestor with these TEs (see below). Note that although this phylogeny also suggests that MUGA has a small Am. trichopoda sister clade (two sequences) (d), the placement of this particular clade is uncertain because these were among the highly degenerate sequences not removed in the final phylogeny, and furthermore the placement of this clade was unstable between multiple independent builds of the full phylogeny (not shown).
In addition to clade c, there are two additional branches of putative TEs. One is again from Am. trichopoda (e), but it has low local branch support (16%) so may not truly be a distinct branch. The other includes sequences from eight additional species (f), and although not all phylogenetic relationships between these putative subclades are well resolved, there is strong support that this branch as a whole is ancestral to MUGB (100% local branch support), and conversely that the MUGA branch is ancestral to it (95% local branch support). Note that one of the eight species in branch f is Vitis vinifera, even though a previous analysis failed to identify any V. vinifera MULEs paraphyletic to MUGA and MUGB (Joly-Lopez et al. 2012) , possibly because that analysis included only draft V. vinifera sequences (no other genomes) and a short mudrA subsequence (Benjak et al. 2008 ). Our topology is also supported by all respective single-genome phylogenies (supple mentary fig. S1 , Supplementary Material online), by multiple independent builds of the full phylogeny using a range of curation settings (not shown), and by analyses using multiple phylogenetic methods (supplementary figs. S6 and S8, Supplementary Material online).
Paraphyly Implies Separate Exaptation Events Because ETE Reversion Is Unlikely
Our results thus provide strong evidence that MUGA and MUGB are paraphyletic with respect to TEs. How might such a topology have arisen? The simplest explanation is straightforward: MUGA and MUGB originated in separate exaptation events ( fig. 3b and c) and the TE branches simply reflect the evolutionary history of the progenitor TE families.
But could there be another explanation? Theoretically, such paraphyly might also arise from a reversal of the TE exaptation process; that is, by ETEs transforming into TEs ( fig. 3d ). Is ETE reversion plausible? Consider the functional changes and underlying mutations required for TE exaptation versus those that would be required for ETE reversion. Fundamentally, the process of TE exaptation involves a transition from persisting by self-replicative selection to persisting by phenotypic selection. That is, TEs persist by replicating within a genome to escape disabling mutations, whereas ETEs are conserved by conferring phenotypic benefits to the organism. To achieve this transition, TE exaptation entails various functional changes. The most basic of these follows directly from this fundamental change in selection regime: whereas for TEs transposition is essential for the sequence to persist, for ETEs it is not only nonessential, but harmful since transposition may disrupt ETE expression or cause other deleterious mutations. As a consequence, upon exaptation we expect ETE genes to become immobilized and their mobilityrelated flanking DNA sequences such as TIRs to become degraded or deleted. Indeed, all known (well-supported) ETE genes are immobilized. In addition, the phenotypic functions of ETE-encoded proteins rarely involve mobility-related molecular activities such as DNA cleavage or integration, which again are deleterious to the genome. Thus, with the rare exception of ETEs that have retained such activities in tightly controlled contexts, such as V(D)J recombination (Kapitonov and Jurka 2005) , ETEs lose their ability to perform various molecular activities required for transposition. Yet another change is that whereas most TEs are usually silenced, ETEs genes must be expressed at relatively high levels in order to confer phenotypic benefits.
Although TE exaptation involves several functional changes, as evidenced by known ETEs such as MUG and FRS, it does occur at some frequency. We propose two reasons for this. First, each underlying mutation has high probability. For example, any one of many possible point mutations to a transposase could decrease or nullify its ability to catalyze transposition. In addition, TEs frequently sustain deletions, and any sufficiently long deletion in a TIR may lead to immobilization (Feschotte and Pritham 2007; Sinzelle et al. 2009 ). Furthermore, some mutations can have dual consequences. For example, transcriptional silencing in plants of DNA transposons is largely mediated by RNA-directed DNA methylation focused at the TIRs (Kawashima and Berger 2014) ; thus, partial deletion of a TIR could result in both immobilization and desilencing. The second reason we propose that TE exaptation can occur despite requiring multiple mutations is that none of these mutations are required for phenotypic selection pressure to begin; thus, they could occur (d) Hypothetically, if an ETE were able to revert to being a TE (T) after the ETE family had already differentiated into at least two branches (A and B), it could also result in paraphyly with respect to the TE even if the ETE family had originated in a single exaptation event.
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In contrast, consider the functional changes and mutations that would be required for an ETE to revert to being a TE. Note that for a reversion to be preserved in the phylogenetic record, the ETE family would first need to diversify into at least two well-separated branches; otherwise it would simply appear to be a regular TE family. First, the ETE would need to reacquire mobility-related flanking DNA structures such as TIRs. Unlike deleting them, reacquiring TIRs would seem exceedingly difficult. How might it occur? The following series of four mutations (not necessarily in this order) might for example permit TIR reacquisition: 1) a TE (with TIRs) inserts close to one side of the ETE; 2) a second TE of the same family inserts close to the other side; 3) the interior TIR is deleted from one TE; and 4) the interior TIR is deleted from the second TE. Another possible mechanism of TIR acquisition might be transduplication, which is the direct capture of genomic sequences by certain types of TEs; however, transduplication rarely if ever results in the duplication of entire genes (Juretic et al. 2005) . Regardless of how it might occur, TIR acquisition could theoretically allow the ETE to become mobilized in trans by a transposase encoded by the TE family that donated the TIRs. But even this would not be sufficient to reestablish self-mobility and thus selfish selection, because the encoded protein would also need to reacquire any required molecular functions it had lost, such as DNA cleavage and integration, and doing so might require multiple, specific amino acid substitutions. Finally, the revertant transposase would need to be able to specifically bind particular target sequences in the reacquired TIRs, which would require additional specific amino acid substitutions to its DNA-binding domain (except in the seemingly unlikely event that the TIRs were reacquired from same TE family from which the ETE descended, and binding-site specificity had been retained during the intervening evolutionary period). Furthermore, and most crucially, these mutations would all need to occur before selfish selection could even begin to act; that is, they would need to be simultaneous.
So, whereas TE exaptation could occur with relatively few, independent loss-of-function mutations and be driven by phenotypic selection, ETE reversion would require a larger set of gain-of-function mutations that must occur simultaneously. Therefore, while theoretically possible, reversion of a well-established ETE seems extremely improbable. Indeed, while a large and growing number of ETEs have been reported in the literature (Hoen and Bureau 2015) , there are no reports of revertant ETEs, nor do we find evidence of it in either the MUGA or MUGB subtrees, nor in any of the FRS subtrees (see below). Finally, suppose that ETE reversion did very occasionally occur. We would still have difficulty explaining the paraphyly of MUGA and MUGB because the tree topology would require not just one, but at least two ETE reversions: one for each of the two (well-supported) TE branches (c and f). Thus, the simplest explanation by far of the observed phylogeny is that MUGA and MUGB formed in separate exaptation events. Indeed, as shown below, differences between the two subtrees suggest that they also originated far apart in time, and thus ought to be considered as separate families, a conclusion further supported by differences in their gene structures (e.g., PB1) and experimental evidence (see below).
MUGB Originated in the Angiosperm Crown Group and Diversified in Monocots and Eudicots
Our approach enabled us to identify TEs closely related to MUGA and MUGB and show that they originated in separate exaptation events. By examining the detailed phylogenies of each ETE subtree, we can also resolve the timing of the original exaptation events, as well as the pattern and timing of diversification within each family subsequent to exaptation.
The MUGB subtree includes clades of single or low copynumber homologs in all examined crown monocots and eudicots ( fig. 2, supplementary fig. S2 , Supplementary Material online). Consistent with previous results (JolyLopez et al. 2012), monocot and eudicot homologs form two monophyletic subtrees. This shows that the progenitor MUGB gene did not undergo duplication prior to the monocot-eudicot split, suggesting it may have originated not long before the split. The basal branches of the MUGB tree confirm this. In the basal-most extant angiosperm genome, Am. trichopoda, even though we detected both a large number of MULEs (see above) and several MUGA homologs (see below), we found no MUGB homolog. We did however find putative MUGB homologs in EST assemblies of the second most basal lineage, Nu. advena, as well as the magnoliids Pe. americana and Liriodendron tulipifera, suggesting that MUGB exaptation likely occurred between the divergence of the Amborellales and the Nymphaeales (supplementary figs. S1 and S2, Supplementary Material online). This places the origin of MUGB near the beginning of the angiosperm radiation (145 Ma), a period which produced all five major angiosperm lineages including the magnoliids, the monocots, and the eudicots (Amborella Genome 2013; Zeng et al. 2014) .
Not only does the topology near the root of the entire MUGB subtree enable us to resolve the timing of the origin of MUGB, but similarly the topology of its internal clades enables us to resolve the timing of subsequent MUGB duplication events. MUGB has two main monocot-specific clades with long root branches: Bm1 (0.18 subs/site) and Bm2 (0.13 subs/ site), suggesting that the single progenitor MUGB gene duplicated once in early monocot evolution. Each of these two clades is composed of diverse species including representatives of both examined monocot orders (Arecales and Poales). In addition to this early duplication, Bm1 and Bm2 each subsequently underwent duplications prior to Poales diversification, as well as further duplications in certain lineages (supplementary fig. S2, Supplementary Material online) . Together with losses in certain lineages, these duplications
In eudicots, the pattern of MUGB diversification is somewhat different. There are homologs in the basal eudicot Aquilegia coerulea (Ranunculales) but not in N. nucifera (Proteales), and MUGB is divided into three major eudicot clades (Be1, Be2, and Be3) (Joly-Lopez et al. 2012) . Clade Be3, which diverged first and has a particularly long root branch (0.27 subs/site), includes homologs in all examined crown eudicot species except Glycine max. The Be3 Brassicales subclade (which includes AtMUG8) has a particularly long root branch (0.42 subs/site), as do the other MUGB Brassicales subclades. The two remaining major eudicot clades, Be1 and Be2, resulted from a far more recent duplication (root branch lengths of 0.08 and 0.07 subs/site, respectively), yet each also includes all examined crown eudicot species, except that Be2 contains no homolog from Eutrema salsugineum and Be1 contains none from Manihot esculenta. These and additional duplications and losses have resulted in MUGB having three to eight (median 4) paralogs per eudicot genome, typically one per subclade. Note that higher copynumbers in certain genomes resulted from recent duplications and many are pseudogenes; for example, seven of eight Malus domestica MUGB genes have premature stop codons (supplementary table S2, Supplementary Material online). In addition to the three previously assigned clades, this phylogeny suggests that one of the subclades of Be2 (h) might better be considered as a fourth major eudicot clade.
MUGA Originated and Diversified in the Angiosperm Stem Group
Although MUGB originated during the angiosperm radiation, MUGA originated much earlier. The first clue of this early origin is the absence of any well-supported TE clades closely related to MUGA. Conclusive evidence is provided by the topology and basal branches of the MUGA subtree. MUGA consists of three major clades (A1, A2, and A3) that, unlike the MUGB clades, each include orthologs from all major angiosperm lineages examined, including monocots and eudicots ( fig. 2) . Thus, MUGA underwent two duplications prior to the divergence of monocots and eudicots. In addition, MUGA includes homologs not only in the magnoliids Pe. americana and L. tulipifera, but importantly also in the basal angiosperm Am. trichopoda. Furthermore, these basal branches do not stem from the base of the MUGA tree, but instead there are Am. trichopoda and other basal angiosperm branches specific to each of the three major MUGA clades. Therefore, MUGA must have originated and diversified at least as early as the angiosperm stem group, prior to the radiation of all extant angiosperms. Indeed, the root branches of the two best-supported major clades (A1 and A2) are long (0.2 subs/site), suggesting that the exaptation and initial diversification of MUGA likely occurred long before this angiosperm radiation.
Subsequent to its initial diversification, MUGA did not undergo any further duplications, except for clade A2 in early core eudicots and certain species-specific duplications. Interestingly, the earliest-diverging clade (A3) is also the least conserved between taxa. For example, although it is present in Carica papaya, a basal Brassicales of the same order as Arabidopsis, it does not include homologs from the Brassicaceae (e.g., A. thaliana) (Joly-Lopez et al. 2012) . Also, while it does include monocots of the order Arecales (E. oleifera and P. dactylifera), no homologs were found in the examined Poales (Zea mays, Oryza sativa, Panicum virgatum, and Setaria italica). Conversely, clades A1 and A2 each include homologs from both of these monocot orders. As a consequence of these diversification events, MUGA copy-number ranges from one (Solanum lycopersicum, S. tuberosum, and M. esculenta; all in clade A2) to seven (Ma. domestica), with most angiosperms having three or four MUGA paralogs (median 3).
Could MUGA have originated even earlier, prior to the divergence of angiosperms and gymnosperms? We searched the genomes of nonangiosperm species, including the assembled genome of the gymnosperm P. abies and EST assemblies for Pinus sylvestris, Abies sibirica, Juniperus communis, and Gnetum gnemon, but found no potential MUG homologs. We also found no homologs using supplementary TBLASTN searches (query AtMUG1; default E-value, 1e-3) of the genome assemblies (http://congenie.org, last accessed October 23, 2015) of Picea glauca (white spruce; PG29-v4.0) (Birol et al. 2013) and Pinus taeda (loblolly pine; v1.0) (Zimin et al. 2014) . Although negative search results such as these cannot definitively rule out the presence of MUGA, it is revealing that members of both MUG families have been found in virtually every angiosperm that has been searched, including full genome assemblies, EST assemblies, and even in most sufficiently large EST databases (both in this study and in JolyLopez et al. [2012] ), yet has not been found in any nonangiosperm. Thus, MUGA likely originated early in angiosperm evolution, subsequent to divergence from gymnosperms (estimated at 290-310 Ma), but well before the angiosperm radiation (Zeng et al. 2014) . Little is known about this lineage of preangiosperm species (the angiosperm stem group), which recent evidence suggests may have originated around 225-250 Ma in the Late-to-Middle Triassic (Zeng et al. 2014) . We are just beginning to address whether MUGA may have played a role in the many crucial adaptations that occurred in the angiosperm stem group.
Experimental Results and dN/dS Analyses Suggest Functional Overlap within Families
As we show above, characterizing the phylogenetic patterns of ETE families and their cognate TEs is useful from an evolutionary standpoint because it elucidates when and how often TE exaptation and ETE diversification occurs. It is also interesting from a practical standpoint, since the evolutionary histories of ETEs may reflect their potential phenotypic functions, molecular interactions, and genetic redundancies.
To illustrate, consider the four MUGA paralogs in A. thaliana, which are of particular interest because we previously characterized some of them phenotypically (Joly-Lopez et al. 2012) . While single knockout mutants of MUGA genes show only subtle phenotypes under controlled laboratory conditions compared with wild-type Col-0 ( fig. 4A ), mug1 mug2 double mutants exhibit strong phenotypes for traits usually MBE associated with plant fitness. Similarly, MUGB single mutants do not show strong phenotypes whereas certain double mutants, such as mug7 mug8, do have serious defects (Joly-Lopez, et al. 2012) . Here, we show that the other MUGA double mutant combinations, although they do exhibit phenotypes such as delayed flowering time and reduced rosette diameter and inflorescence height, these phenotypes appear under standard laboratory conditions to be weaker than for mug1 mug2 ( fig. 4B) (Joly-Lopez et al. 2012) .
The evolutionary history of MUGA is a starting point to explain these differences. MUGA has two major clades that are conserved among all angiosperms: A1 and A2 (A3 is not present in A. thaliana-see above; fig. 2 ; supplementary figs. S2 and S3, Supplementary Material online). Clade A1 has two subclades that diverged early in eudicot evolution, one of which includes AtMUG1, the other AtMUG2. Although further experiments are warranted to confirm these results, this phylogeny suggests that, whereas AtMUG1 and AtMUG2 may have subfunctionalized to perform eudicot-specific functions that are difficult to detect in single mutants under our growth conditions, they may also have redundancies for more deeply conserved functions that are revealed by the double mutants. Indeed, the topology is similar to that of AtFAR1 and AtFHY3, which are known to have partially redundant functions and direct molecular interactions.
In addition to AtMUG1 and AtMUG2, clade A1 includes a third A. thaliana paralog, AtMUG3. The above phylogenybased reasoning suggests that mutating all three A1 paralogs should produce even stronger defects. To test this hypothesis, we generated a mug1 mug2 mug3 triple mutant. The progeny of an F2 plant homozygous for mug1 and mug2 and heterozygous for mug3 were screened for triple mutants (n ¼ 120) and homozygotes seedlings were successfully genotyped only when seeds were grown on media supplemented with addition of carbohydrates (2% sucrose vs. 1%). Segregation ratios suggest that mug3 is recessive and segregating independently ( fig. 4C ). The mug1 mug2 mug3 triple mutant showed an additive phenotype that was more severe than the double mutant: increased pale yellow-green coloration, longer delays in flowering, and smaller overall size ( fig.4C ).In addition, whereas wild-type plants produce thousands of seeds, triple mutants yielded two orders of magnitude fewer seeds (average 30), and some plants yielded no seed at all (data not shown). These results support the hypothesis that clade A1 genes together perform critical functions, at least in A. thaliana.
Finally, there is a fourth A. thaliana paralog (AtMUG4), which belongs to a second major clade, A2, that diverged from clade A1 during angiosperm stem group evolution and is itself conserved among all angiosperms. Such a long period of divergence suggests that AtMUG1, AtMUG2, and AtMUG3 may have greater functional overlap or genetic redundancy with one another than with AtMUG4. This phylogeny-based reasoning is supported by our experimental results, which show that double and triple mutant combinations involving AtMUG4 display less severe defects than mug1 mug2 and mug1 mug2 mug3 ( fig. 4B and D) . Finally, we have not been able to generate quadruple mutant of all A. thaliana MUGA genes, suggesting that these long-diverged lineages may still maintain redundancy for some deeply conserved angiosperm function and that the absence of the MUGA family may be lethal in A. thaliana.
In general, while ETEs from the same family might share functional redundancies or similarities, ETEs derived from separate exaptation events likely do not. This is because, fundamentally, TE exaptation is the acquisition of a novel phenotypic function by a sequence with no prior phenotypic function; thus, the novel functions acquired in different exaptations ought tobe independent of one another.Nevertheless, we might expect that certain functional similarities between different ETE families could result from common attributes between the progenitor TEs, such as their molecular activities or expression patterns. Functional similarities might also arise from similar phenotypic selective pressures at their times of exaptation. Applying similar phylogenetic analysis and reasoning to FRS might also aid our understanding of experimental results for that group of ETEs (Lin and Wang 2004) .
In addition to experimental analysis, we had previously examined selective pressures in MUGA and MUGB coding regions using dN/dS analysis and found evidence of purifying selection for the entire coding region encompassing three conserved domains found in progenitor TEs (Cowan et al. 2005; Joly-Lopez et al. 2012 ). To explore this further, we selected 121 representative MUG sequences ( fig. 2, supplemen  tary fig. S2 , Supplementary Material online), generated a phylogenetic tree (BioNJ; supplementary fig. S11A, Supplementary Material online), and estimated dN/dS ratios using CODEML. Overall, dN/dS for the whole tree suggests that 73% and 26% of sites, respectively, are under negative and positive selection. Results were similar using a branch-site model (test 2): 80% and 20%, respectively ("root branch 1" in supplementary fig. S11B, Supplementary Material online) .
To better understand selection on the MUGA subclades, we selected three additional branches labeled "2," "3," and "4" to represent clades A3, A2, and A1, respectively (supplemen tary fig. S11A, Supplementary Material online) . The dN/dS ratio for branch 2 (Clade A1), which encompasses MUG1-MUG3 did not show significant positive selection and the branch appears to be mostly fixed under negative selection. In contrast, we detected strong positive selection on branch 3 (P ¼ 0.0057) (Clade A2), which encompasses MUG4 and   FIG. 4 Continued ratio for 120 F2 plants following genotyping by PCR. On the bottom, image captures of 3-week-old mug1 mug2 and mug1 mug2 mug3 mutant seedlings heterozygous and homozygous for mug3, all grown on the same one-half MS media supplemented with 2% sucrose. Scale bar ¼ 1.3 cm. On the right, difference in size of mug1 mug2, and mug1 mug2 mug3 mutant plants at 50 days after sterilization. Scale bar ¼ 4 cm. (D) Results of the phenotypic analysis for the other triple mutant combinations. n ¼ 30 plants. On the bottom, images of 2-week-old seedlings grown on one-half MS media. On the right, image of 40-day-old mature plants for the triple mutants compared with Col-0. Scale bar ¼ 4 cm. For the phenotypic analyses, statistical significance is based on a two-sample student t-test /¼ 0.05; *P < 0.05, ** P < 0.01, *** P < 0.001.
Origin of Important Plant Genes Derived from TEs . doi:10.1093/molbev/msw067 MBE homologs, where the x-value for a subset of sites is well above 1, suggesting that certain sites show stronger positive selection than overall identified by a Bayes Empirical Bayes (BEB) analysis for positive sites ("root branch 3" in supplemen tary fig. S11B , Supplementary Material online). Four positively selected sites were detected in branch 3 (supplementary fig.  S11C , Supplementary Material online). Interestingly, these amino acids lie on the border of a conserved domain (supple mentary fig. S11D, Supplementary Material online) . Although confirmation is needed, the observation that the MUG1-MUG3 subtree branch is more "fixed" than MUG4 suggests that the MUG1-MUG3 ancestral sequence may have acquired a phenotypic function earlier than the MUG4 ancestral sequence, possibly due to being domesticated separately from MUG4, which would be consistent with the tree topology (above). Alternately, it may suggest that the function of MUG1-MUG3 became fixed early while MUG4 continued to undergo subfunctionalization.
FRS Consists of Five Families that Originated and Diversified at Different Times
In addition to MUG, one other group of plant ETEs has been well-characterized: FRS (Lin et al. 2007 ). Although both MUG and FRS are derived from TEs of the MULE superfamily, their respective TE lineages (mudrA and FAR1) are highly diverged (Lin et al. 2007 ). Similar to MUG, a previously published phylogeny includes among the descendants of the last common FRS ancestor two branches of TEs (LOM-1 in O. sativa and M. truncatula; and Jittery in Z. mays), suggesting that FRS may have originated in more than one exaptation event (Lin et al. 2007) .
To test whether FRS originated in one or in multiple exaptation events, and to resolve the timing of exaptation and subsequent FRS diversification, we followed a similar approach as we did with MUG. We selected a representative query from each of five previously identified FRS lineages (FRS10, FRS6, FHY3, FRS3, and FRS7; supplementary fig. S12 , Supplementary Material online) (Lin et al. 2007 ). We used TARGeT to search for homologs among the 25 final genomes, to which we added O. sativa and M. truncatula in order to include LOM-1. This resulted in 1,117 sequences, to which we added all 14 known A. thaliana FRS sequences, fungal hop as outgroup, and maize Jittery. We generated a multiple sequence alignment (MAFFT), curated it by removing columns with at least 50% gaps and using Gblocks to remove poorly conserved blocks (69% of 602 positions retained), and finally inferred a phylogenetic tree (FastTreeMP). Lastly, we used identical methods as for MUG to identify sequence attributes characteristic of TEs: premature stop codons, frameshifts, DNA repetitiveness, and potential TIRs, as well as the conserved domains PB1 and C48.
The results, while broadly consistent with the phylogeny of Lin et al. (2007) , were nonetheless surprising (fig. 5 tree; sup plementary figs. S4 and S5, Supplementary Material online). Not only is FRS paraphyletic with respect to the two TE branches reported by Lin et al., 2007 but moreover all five FRS subtrees are paraphyletic with respect to various apparent TE clades. Thus, each of these five subtrees likely arose in a separate exaptation event, making them separate ETE families (see above). The most obvious case is the FRS10 subtree (18 sequences), which is ancestral to all other FRS subtrees (89% local support), as well as to a large subtree that includes diverse clades of apparent TEs (e.g., a) (supplementary table S2, Supplementary Material online). The four remaining FRS families can be analyzed as two pairs of nearest neighbors (FHY3 and FRS6; FRS7 and FRS3), both of which are also separated by apparent TEs. The FHY3 (98 sequences) and FRS6 (75 sequences) subtrees are paraphyletic with respect to diverse apparent TE clades (e.g., b: 100% local support; 12 sequences; all but one have pseudogenic features; DNA repetitiveness, 56). Similarly, the FRS7 (29 sequences) and FRS3 (123 sequences) subtrees are paraphyletic with respect to apparent TE clades in various eudicots and Am. trichopoda (e.g., c: 89% local support; five sequences; all five have pseudogenic features; potential TIRs, 60%; DNA repetitiveness, 13).
Furthermore, as for MUGA versus MUGB, multiple exaptation events is also supported by the internal topologies of the five FRS subtrees, which show that the five families originated and diversified at different times (table 2). Each of the FRS subtrees is broadly congruent with the species topology, but each has a different apparent last common ancestor ( fig. 5, supplementary fig. S5 , Supplementary Material online): two appear to have originated in early angiosperms (FRS3 and FRS10), two in early eudicots (FRS6 and FRS7), and one in early core eudicots (FHY3).
Specifically, the FRS3 family contains multiple monocot clades that include both Arecales and Poales, and similarly contains multiple clades that include diverse eudicots including the basal eudicot Aq. coerulea. (Note that one monocot clade is not monophyletic with the other monocot clades, but has low local branch support (46%) and thus is likely mislocated.) Interestingly, the sister clade to this well-supported part of the FRS3 subtree is a small Am. trichopoda clade (d) with no TE characteristics (supplementary table S2, Supplementary Material online) but only low local support (32%), and might also be part of the FRS3 family. This suggests that FRS3 was likely exapted in the basal angiosperms, or perhaps earlier in the angiosperm stem group, and subsequently diversified into various descendant lineages.
The FRS10 family also includes monocot homologs, and although it also has an Am. trichopoda sister clade, both Am. trichopoda sequences contain multiple stop codons and frameshifts. Furthermore, the clade has an ancestral eudicot branch, in violation of the species phylogeny (supplementary fig. S4 , Supplementary Material online), which includes a clade of six highly similar sequences in G. max that contain stop codons and frameshifts. These results suggest that AtFRS10 and AtFRS11 might have separate origins, but additional analysis would be required to confirm this. It seems more likely that they do form a single family, which originated in early angiosperms and diversified only once, in early core eudicots.
The remaining three FRS families appear to be eudicotspecific. In the case of the FRS7 family, Lin et al. 2007 reported monocot homologs; however, we found none, even though we included in our search both monocot genomes searched by Lin 
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TARGeT to individually search all 11 monocots in our initial 62 genomes, yet still found no FRS7 homologs (not shown). Instead, the most basal FRS7 homologs we found were in Aq. coerulea, suggesting that FRS7 originated in early eudicots. Interestingly, unlike other FRS and MUG families, FRS7 is single-copy in most genomes, with only one widely conserved duplication, which occurred in the early Brassicaceae.
Lastly, the FHY3 family is of particular interest because it includes AtFHY3 and AtFAR1, currently the best characterized plant ETEs (Wang and Wang 2015) . The FHY3 family includes homologs in diverse core eudicots including the asterids (e.g., M. guttatus), but not in Aq. coerulea, suggesting it likely originated in early core eudicots. Thus, interestingly, among the seven MUG and FRS families, the best-characterized family also happens to be the youngest. Furthermore, it has the distinction of being present in more core eudicot-specific clades than any other clade: five of them, each with a single paralogs in most core eudicots, including both rosids and asterids. Consistent with previous results (Lin et al. 2007 ), AtFHY3 and AtFAR1 are the sole A. thaliana paralogs in neighboring clades.
Potential Novel ETEs
Our results also suggest that the two MUG and five FRS subtrees may not be the only ETEs in these phylogenies. A few additional clades (at least nine clades containing 126 sequences; supplementary table S2, Supplementary Material online) have attributes suggesting that they may also be ETEs rather than TEs, attributes such as low copy-number, high proportions of paralogs to orthologs, and topologies congruent with the known species phylogeny.
In the simplified MUG tree ( fig. 2, supplementary fig.  S3 , Supplementary Material online), there is one such clade (k): three sequences that are single-copy in V. vinifera, S. lycopersicum, and S. tuberosum, none of which have premature stop codons or frameshifts, TIRs, or repetitive flanking DNA. However, this clade is missing sequences in several sister species, so unlike the MUG and FRS families if this clade is an ETE family it is only weakly conserved.
More convincing cases are found in the FRS tree ( fig. 5,  supplementary fig. S5, Supplementary Material online) . For example, clade e is closely related to FRS6 but separated by a large family of TEs in citrus (b) and other taxa. The clade includes orthologs from all examined monocots in several species-congruent clades, a topology similar to the monocot clades of the FRS3 family. Only six of the 47 sequences have pseudogenic characteristics (five from E. oleifera alone), and the clade has no other TE characteristics. To further investigate this clade, we examined the six O. sativa paralogs using Genomicus (Louis et al. 2013 ) to determine whether they have maintained microsynteny with at least two adjacent genes, a characteristic common to most ETEs but not functional TE genes (Hoen and Bureau 2015) . Unlike a negative control of 25 known TEs that had no microsynteny beyond Oryza, and similar to a positive control of FRS3 homologs, in clade e five of six O. sativa sequences do have conserved microsynteny among the Poaceae (supplementary table S2, Supplementary Material online). These results suggest that clade e is a family of bona fide monocot-specific ETEs.
An alternative explanation for this topology is that, rather than novel ETEs, clade e might be part of the FRS6 family, even though the intervening apparent TE clades have high local branch support (100%). However, this is not the only such subtree in the FRS phylogeny. Clade f, which is not closely related to any known FRS ETEs, has similar characteristics. Finally, perhaps the strongest example is clade h, which consists of 25 species-congruent sequences that are conserved in diverse core eudicots and, except a single If these clades do represent novel ETE families, it would be consistent with our recent finding that ETEs may be far more abundant than is currently understood (Hoen and Bureau 2015) . Note that none of the novel ETEs we reported in that study are present in these phylogenies because none are related closely enough to MUG or FRS. Conversely, none of the potential novel ETEs reported here could have been found in that previous study because none include an A. thaliana ortholog.
If some of these subtrees do represent novel ETEs, it increases even further the contribution of TE exaptation to angiosperm evolution, especially in monocots. Indeed, this would not be surprising, given that three of five known FRS families are eudicot-specific while none are monocot specific. This is likely due to a selection bias: the initial search for FRS genes was restricted to the A. thaliana genome (Lin and Wang 2004 ) and subsequent phenotypic characterization was apparently limited to close orthologs of the initial twelve FRS genes found in A. thaliana (Lin et al. 2007 ).
C48-MULEs Form Widely Diverged Clades, Some with TIRs
In addition to characterizing ETEs, our results also uncovered TE clades with noteworthy characteristics. Along with three conserved domains normally present in the mudrA transposase, certain MULE families include a second gene, Kaonashi (KI), that contains a peptidase C48 domain normally found in ubiquitin-like protein-specific proteases (ULPs) (Hoen et al. 2006; van Leeuwen et al. 2007; Benjak et al. 2008) . Although the function of KI is unknown, at least some KI-MULEs do not have easily identifiable TIRs, yet remain capable of transposition (Hoen et al. 2006) .
In the full MUG tree (supplementary fig. S2 , Supplementary Material online), although three C48-MULE clades are closely related to MUG (in V. vinifera, M. guttatus, and E. oleifera), most are concentrated in the branches furthest from MUG. Consistent with previous results (Le et al. 2000; Hoen et al. 2006; Benjak et al. 2008) , most C48-MULE clades have high proportions of associated sequences with potential TIRs. However, some do not; for example, a large clade that appears to have been recently active in the basal eudicot Aq. coerulea. Furthermore, the branches of the tree containing most C48-MULE clades also includes clades that lack C48-some associated with TIRs, some not-a sporadic phylogenetic distribution similar to that of PB1 (see below), suggesting that C48 was lost from various lineages. Interestingly, several MULE clades are associated with both C48 and PB1 domains. Finally, in addition to those in the MUG tree, we found C48-MULEs in the FRS tree, in the genomes of V. vinifera, Citrus clementina, Citrus sinensis, M. truncatula, N. nucifera, Theobroma cacao, and M. guttatus. Consistent with previous results in melon (van Leeuwen et al. 2007) , we also identified C48-MULEs in FRS tree (supplementary fig. S5 , Supplementary Material online), even though it is widely diverged from MUG.
The PB1 Conserved Domain Is Present in Diverse MULEs
Finally, in addition to peptidase C48, we surprisingly found certain TEs that contain another unusual domain. As discussed above, MUGA and MUGB have a key difference in their gene structures: every known MUGB gene but no MUGA gene contains a PB1 domain (fig. 2) . The origin of this domain in MUGB has been a mystery because, unlike other domains present in MUG, no MULE or indeed any TE has been reported to contain PB1.
Surprisingly, here we detected PB1 domains associated with apparent TEs in nine genomes in the MUG tree ( fig. 2;  supplementary fig. S3 , Supplementary Material online), including several potentially active TE clades such as the sister clade of MUGB. PB1-MULEs might have previously remained undetected for several reasons. First, in the literature we could find no previous report of a specific search for the PB1 domain in TEs. Second, PB1-MULEs are present in only a small fraction of genomes (9 of 62 examined). Third, none of the genomes containing PB1-MULEs happen to be model genomes (e.g., A. thaliana and O. sativa contain none). Finally, even among these nine genomes, although PB1 is abundant in MULEs that are closely related to MUG (found in 178 of 397 non-MUG sequences that are paraphyletic to MUGA and MUGB; fig. 2 ), it is rare among other MULEs (found in only 71 of 658 remaining sequences in the full MUG tree; supple mentary figs. S2 and S3, Supplementary Material online) and in none of the sequences of the FRS tree. Discovery of these PB1-MULEs solves the mystery of the origin of the MUGB PB1 domain. Furthermore, these high copy-number PB1-MULE families may explain previous observations that PB1 domains are far more abundant in plants than in other kingdoms.
The detailed phylogenetic pattern of PB1-MULEs is lineage-specific and sporadic. Clades associated with PB1 are tightly interspersed with clades not associated with it, and even clades associated with PB1 have highly variable proportions of PB1-MULEs ( fig. 2) . This sporadic distribution pattern may have arisen either because PB1 has been acquired multiple times in separate TE branches, or because it has been repeatedly lost. To determine which of these is more likely, we aligned the PB1 amino acid subsequence, including both PB1-MULEs and MUGB members, and inferred a separate phylogenetic tree. Except for minor differences that can be explained by the low information content of this domain, which is short (84 aa in AtMUG7) and has many variable positions (Sumimoto et al. 2007) , the topology of the PB1 tree is broadly congruent with the MUG tree (supplementary fig. S13 , Supplementary Material online). Although far from conclusive, these results are consistent with a single origin of PB1 in a common MULE ancestor followed by lineage-specific losses.
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The origin of PB1 in MULEs is unknown, but given that PB1 has not been reported in other TEs, it may have been acquired through transduplication (Juretic et al. 2005) , similar to how peptidase C48 domains may have been acquired (Hoen et al. 2006) . This possibility is supported by the MUGB gene structure: compared with the other MULE transposase genes, PB1 occurs in an additional short 5 0 -exon, consistent with the general pattern of MULE transduplication. Transduplication is also supported by the recurrent deletion of PB1 from various MULE clades, suggesting that although it may somehow improve the transpositional success of PB1-MULE families, it is not essential. Interestingly, transduplication-the co-option of genes by TEs for a "selfish" function-is in a sense the evolutionary inverse of TE exaptation-the co-option of selfish TE genes for a phenotypic function. Thus if a MULE ancestor of MUGB did originally acquire PB1 by transduplication, there is an interesting corollary: the MUGB PB1 domains have likely undergone a complete co-evolutionary cycle, from phenotypic function to selfish function and back again.
How frequently are non-TE conserved domains transduplicated by TEs, then exapted from the TEs, and eventually have all evidence of their origin erased by extinction of the TE family? We can recognize MUGB as an ETE family because of its TE-specific MULE domain; however, many TEs have no TEspecific domain (Hoen and Bureau 2015) , or may have lost any TE-specific domains during or following exaptation. Thus perhaps cycles of exaptation have enabled the amplification and diversification of not just PB1, but other sequences as well. If such cycles took place during primordial evolution, few traces of the origins of these sequences would remain in extant genomes (Roussigne et al. 2003; Quesneville et al. 2005; Babu et al. 2006 ).
Summary and Conclusions
We have shown that through careful phylogenetic analysis of ETE families, we may obtain a better understanding of the evolutionary role of TE exaptation. By analyzing ETEs in angiosperms previously thought to constitute only two families, MUG and FRS, we have shown that they instead likely originated in a total of at least seven separate exaptation events, triple the number of TE exaptation events previously understood for these ETEs, for a total among the 22 final genomes of 281 ETEs out of 2,934 sequences. Furthermore, we report preliminary evidence suggesting that additional ETE families have yet to be characterized. These results confirm and expand upon another recent study in which we showed that the number of ETEs in A. thaliana is more than double that previously reported (Hoen and Bureau 2015) .
In addition to improving our theoretical understanding of how TEs have contributed to genome evolution, there is another motivation to better resolving the phylogenetic history of ETEs. As we have shown for MUGA and MUGB, ETEs of different families may have similar broad phenotypes, such as delays in development or decreases in plant size. This may be explained by the fact that many different families often act in concert to generate complex traits. However, it would be surprising if common functions were shared by ETEs from different families that originated in separate exaptation events, especially from widely diverged TE families (e.g., FRS10 vs. the four other FRS families) or greatly separated in time (e.g., MUG1 and MUG7). For instance, while AtFHY3 and AtFAR1 have not only been shown to rescue each other but to heterodimerize (Lin et al. 2008 ), they have not been shown to complement any FRS protein outside the FRS family. Furthermore, AtFHY3 and AtFAR1 have been well characterized and shown to act as transcription factors, to bind to thousands of sites in the genome, to differentially regulate hundreds of genes under light or dark conditions, and to regulate far-red induced hypocotyl de-etiolation (Wang and Deng 2002) . Thus, it is important to emphasize that each of the four additional FRS families, which are thus far largely uncharacterized, each have as much potential as AtFHY3 and AtFAR1 to impact plant function. For example, we have recently shown that ETEs are often involved in abiotic stress responses, including genes in both the MUGA and MUGB families, in at least four FRS families, and in a large set of novel ETEs (unpublished results; Lin and Wang 2004; Lin et al. 2007; Ouyang et al. 2011; Gao et al. 2013 ).
In conclusion, it has not gone unnoticed that the selfperpetuating nature of TEs, sometimes denigrated as selfish, endows in them the capacity to act as agents of periodic rapid evolution (Hoen and Bureau 2015) . This study uses phylogenetic analysis to investigate TE exaptation and highlights the importance of resolving the origin and evolution of ETE families. Such analyses can contribute greatly to our understanding of the potential functions and interactions of ETEs. We have shown that both the MUG and FRS groups of ETEs are not single families, but instead are derived from multiple exaptation events. These TE exaptations and subsequent ETE diversification contributed to all key stages of angiosperm evolution, from the early stem group, to the angiosperm radiation, to recent crown group radiations. In the future, such evolutionary histories will help improve the design and interpretation of experimental studies of ETEs and, we hope, will encourage additional investigations of asyet uncharacterized ETE families.
Materials and Methods
To maximize our ability to find TEs closely related to MUG or FRS, as well as to identify basal and diverse ETEs in these groups, we searched a large number of genomes (62 species), including representatives from all major angiosperm lineages (49 species: 3 basals, 2 magnoliids, 11 monocots, 33 eudicots), six gymnosperms, five algae, one vascular plant, and one moss species (supplementary table S1, Supplementary Material online). As queries, to maximize search sensitivity we selected seven amino acid sequences representing diverse MUG sequences, including monocots and eudicots from each previously identified MUGA and MUGB clade (Joly-Lopez et al. 2012) , or FRS clade (Lin et al. 2007; supplementary fig. S1 , Supplementary Material online).
Genomes Selection
Because we expected to find thousands of sequences not closely related to MUG or FRS and therefore not of interest, Joly-Lopez et al. . doi:10.1093/molbev/msw067 MBE to reduce the size of final analysis we devised a strategy to identify only the genomes of potential interest ( fig. 1 ). First, we determined which genomes contained any sequence of interest by searching each genome individually. We used a customized command-line version of the TARGeT pipeline (Tree Analysis of Related Genes and Transposons) (v2.00; [Han et al. 2009 ]; Cavinder B, personal communication) along with TBLASTN (v2.2.26) to align queries and genomes (see below), PHI (v2.4; [Han et al. 2009] ; http://target.iplantcollabor ative.org/, last accessed February 3, 2016) to join local alignments and count stop codons and frameshifts, MAFFT (v7. 158b; option -max_iterate 100; [Han et al. 2009] ) to generate multiple alignments, and FastTreeMP (v2.1.7 SSE3 OpenMP; option -gamma; [Katoh and Standley 2013] ) to infer phylogenetic trees. For the initial search, we selected a permissive similarity threshold (TBLASTN E-value, 1e-30) in order to identify even distantly related putative MUG homologs.
We selected for further analyses the genomes that fulfilled one or both of the following criteria: they contained apparent TEs that were descended from the last common ancestor of all MUG query sequences, or they had homologs associated with PB1 domains. In addition, we included for further analyses three genomes with key positions in the species phylogeny: the basal eudicot N. nucifera, which has the unique biological feature of being an aquatic herbaceous species; the magnoliid Pe. americana, which is basal to monocots and eudicots; and the basal angiosperm Nu. advena.
Alignment, Curation, and Tree Building
We then searched the genomes of interest, again using a command-line version of TARGeT that we customized to search multiple genomes, using a similarity threshold selected to maximize stringency while still retaining all sequences of interest (TBLASTN E-value, 1e-55). We included the following sequences for the phylogenetic analysis: fungal hop, maize mudrA, maize Jittery, and all previously identified MUG genes (Larsson 2014) , which were from the following six genomes: C. papaya, Sorghum bicolor, Oryza sativa, Brachypodium distachyon, Medicago truncatula, and A. thaliana ( fig. 2 ; supple mentary figs. S2 and S3, Supplementary Material online). We built a preliminary alignment (MAFFT), then removed 188 problematic sequences that contained long truncations, insertions, deletions, or frameshifts, resulting in poor alignment within highly conserved blocks. We then generated a final multiple alignment (MAFFT), which we curated by first removing columns with gaps in 50% of sequences or more, then using Gblocks (Castresana 2000) to retain only highly conserved alignment blocks (63% of 555 columns). We inferred a final MUG phylogenetic tree (FastTreeMP) (supplementary fig. S3, Supplementary Material online) . Lastly, for clarity of presentation, we made a simplified MUG tree containing only the sequences most closely related to MUG by pruning branches more diverged than the last common ancestor of all known MUG genes ( fig. 2) . FigTree (v1.4.2; http://tree.bio. ed.ac.uk/software/figtree/, last accessed February 3, 2016) was used to visualize the phylogenetic trees.
To validate the phylogenetic analysis, we used two additional methods: 1) neighbor joining using BioNJ/Neighbor (PHYLYP; v3.66; default parameters; 300 bootstraps; http:// www.Phylogeny.fr, last accessed February 3, 2016 [Dereeper et al. 2008 [Dereeper et al. , 2010 ); 2) Bayesian MCMC using MrBayes v3.2.6 (default parameters, except "heating temperature" 0.01 for FRS [Huelsenbeck et al. 2001; Ronquist and Huelsenbeck 2003; Altekar et al. 2004] ), obtaining standard deviation of split frequencies of 0.008 after 2,000,000 generations for MUG and 0.052 after 2,000,000 generations for FRS.
Discriminate TEs from ETEs
To discriminate TEs from ETEs, we evaluated four sequence characteristics. 1) To evaluate pseudogenic features, we counted the number of stop codons and frameshifts as identified by PHI (Castresana 2000) . 2) To identify flanking repetitive sequences, we aligned the DNA sequence flanking either side (3 kb) of each putative homolog to its respective genome (NCBI BLASTN v.2.2.29þ; E-value, 1e-100; [Han et al. 2009] ). To reduce artifacts caused by the presence of any repetitive sequences unrelated to the putative homologs (e.g., insertions of other TEs), we calculated for each putative homolog the minimum number of nonself-hits flanking either side, thus eliminating cases where a TE had inserted on only one side of the homolog. We then used the median of these repetitiveness values per clade, so that even if unrelated TEs had inserted on both sides of some elements, the repetitiveness measure would not be unduly affected, especially for large clades. 3) To identify potential TIRs, we again using the DNA sequences flanking each putative homolog, but this time aligned the two sides together (BLASTN; E-value, 0.01; reverse strand). Because the lengths of MULEs vary widely, we analyzed a large range of flanking lengths (1-30 kb), then chose a biologically reasonable representative length (10 kb) that had low (presumably false) positives among known MUGs and low (presumably false) negatives among other sequences. Finally, to detect Peptidase C48 domains we used NCBI RPS-TBLASTN (E-value, 0.01; v.2.2.29þ; [Camacho et al. 2009] ) and the NCBI Conserved Domain Database (Camacho et al. 2009 ) to search the genomic DNA sequence corresponding to each putative homolog plus 5 kb flanking each side. The same method was also used to identify PB1 domains.
Plant Material
To characterize the MUG mutant phenotypes, we used the approach and methods as described in Joly-Lopez et al. (2012 ) (Marchler-Bauer et al. 2011 . The mutants mug1-1 (GK_514B01), mug2-3 (SALK_090878), mug3-1 (SALK_053113), and mug4-2 (SALK_036408) were obtained from GABI-Kat (http://www.gabi-kat.de, last accessed February 3, 2016) (Joly-Lopez et al. 2012 ) and SALK (http:// www.arabidopsis.org/abrc, last accessed February 3, 2016) (Rosso et al. 2003 ) T-DNA insertion populations. Positions of insertion sites in double mutants used in phenotypic analyses were confirmed by sequencing the allele-specific PCR products. Wild-type ecotype Col-0 seeds were originally obtained from Lehle Seeds (www.arabidopsis.com). For the triple mutant genotyping and phenotypic analyses, seeds were plated on one-half MS media supplemented with 2% sucrose instead of 1% as described previously (Joly-Lopez et al. 2012).
Origin of Important Plant Genes Derived from TEs . doi:10.1093/molbev/msw067 MBE dN/dS Analysis The selective pressure for the MUGA family within the MUG tree was examined using dN/dS analysis. The same amino acid MAFFT (121 sequences) was used as in the MUG BioNJ/ Neighbor analysis. Amino acids were replaced with corresponding genomic DNA sequences. Tree adjustments and branch calling were made using the Tree viewer T-Rex (Boc et al. 2012) . dN/dS was estimated using CODEML (Phylogenetic Analysis by Maximum Likelihood package (PAML); version 4.8a release August 2014; default parameters except clean data ¼ 0, with fix_omega ¼ 1 for null and fix_omega ¼ 0 for the alternative [model 2]). Sites under positive selection were analyzed using BEB (Yang et al. 2005 ) and the position of the residues visualized using the alignment viewer Aliview (Larsson 2014) . The aligned amino acid sequence of MUG4 was used as query to search the NCBI Conserved Domain database to detect the position of the conserved domains (Marchler-Bauer et al. 2011 ).
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